A single-phase BaoLu Sig024:Eu2*, Ce?*, Mn2* phosphor with tunable 
full-color emission for NUV-based white LED applications 


Changhua Zhang*”, Yongfu Liu”, Jiahua Zhang‘, Xia Zhang‘, Jianxin Zhang”, 


Zhixuan Cheng*”, Jun Jiang™*, Haochuan Jiang” 


* Department of Chemistry, College of Science, Shanghai University, Shanghai 200444, China 


Þ Ningbo Institute of Materials Technology and Engineering, Chinese Academy of Sciences, Ningbo 315201, China 
“State Key Laboratory of Luminescence and Applications, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, 


Changchun 130033, China 


d College of Electronic Information and Engineering, Hangzhou Dianzi University, Hangzhou 10018, China 


ARTICLE INFO ABSTRACT 


We obtained a single phase BLS:Eu2*, Ce**, Mn?* phosphor by solid-state reactions. Eu2*, Ce?*, and Mn?* 
gives rise to the blue, green, and red emission, respectively. The Mn?* red emission can be effectively 
enhanced via energy transfers from both Eu2* and Ce". Thus a tunable full color emission from 410 to 
750nm was realized in this single phosphor. The Eu2*—+Mn?* energy transfer mechanism was 
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investigated by the fluorescence decay curves. This single phosphor exhibits an efficient excitation band 
covering from 390 to 410 nm, which matches well with the emission light of the efficient NUV chips. The 
optimized BLS:Eu2*, Ce**, Mn” phosphor shows a high quantum efficient of ~62% and a good color 
stability. When this single phosphor was combined with a 395 nm NUV-chip, an ideal white LED with a 
high color render index (CRI) of 85 and a correlated color temperature (CCT) of 6300 K was obtained. This 
demonstrates the promising application of the BLS:Eu2*, Ce?*, Mn?* single phosphor for the NUV-based 


1. Introduction 


White light-emitting-diodes (WLEDs) are considered to be a 
promising solid-state lighting source for facilitating the develop- 
ment of society, due to their virtues of energy-saving, environ- 
ment-friendly, long-lifetime, and high efficiency [1-8]. The most 
mature method of fabricating WLEDs is the combination of a 
yellow-emitting YAG:Ce** phosphor with a blue InGaN chip [9,10]. 
However, the red emission in YAG:Ce*" is deficient, resulting in the 
WLED has a low color rendering index (CRI, ~70, ideal = 100) anda 
high correlated color temperature (CCT, >7000 K). The mixture of 
red phosphor with yellow or green phosphor for blue-chip-based 
WLEDs or the mixture of red, green, and blue phosphors for the 
NUV-chip-based WLEDs can realize an ideal white light with a high 
CRI and a tunable CCT [11-15]. However, these methods suffer the 
defect of fluorescence re-absorption among different phosphors, 
leading to a loss of luminous efficiency and time-dependent color 
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shift. Therefore, it is essential to explore a single phase phosphor 
with full-color emissions. 

Many strategies have been put out to achieve full color 
emissions in a single phase [16-25]. One kind of the common 
methods is basing on the NUV-excited phosphors by introducing 
the red, green, and blue luminescence centers, such as Ba3MgSi2Og: 
Eu2*, Mn?* [26], Cay4Mg2[SiO4]g:Eu2*, Mn?* [27], NaCasLuSi207F): 
Ce?*, Mn?* [28], Ca2SrAl206:Ce?*, Li*, Mn” [29], and Mg,Al,Sis018: 
Eu2*, Mn”* [30]. In these systems, Eu2* and Ce?* can be excited by 
the UV-NUV light and give rise to broad emissions covering from 
blue to yellow. The Mn” usually acts as an efficient red-emitting 
center accompanying with Ce**/Eu?*. Based on energy transfers 
mechanisms, many Ce?*/Eu?*/Mn2* co-doped phosphors produce 
full color emissions. 

Alkaline earth silicates are considered as promising hosts for 
their stable crystal structure and flexible lattice sites. For instance, 
BagR2SigO24 (R= Sc, Y, and Lu) has a rhombohedral crystal structure 
and can provide multi-occupation sites (Ba and R). For R= Sc and Y, 
broad emissions covering from green to red can be obtained by 
codoping Ce?*/Eu**/Mn?* [31-36]. However, their emissions still 
lack the blue component and cannot realize an ideal white light. 
Their quantum efficiency (QE) is also too low (15-47%) [31-33,36]. 


For R= Lu, that is BagLu2SigN24 (BLS), we have demonstrated that 
Eu?* and Ce?* exhibit strong blue and green emissions, respective- 
ly, in the BLS host [37]. Codoping Ce?* with Mn”*, strong red 
emissions can be realized in BLS [38]. In this work, we achieve full 
color emissions, which range from blue to red regions, by codoping 
Eu*, Ce**, and Mn” into BLS. Under the 400 nm excitation, the 
estimated CRI is more than 85 with a CCT of about 6200 K and a QE 
of about 62%. Combing the single BLS:Eu2*, Ce?*, Mn** phosphor 
with a NUV chip, a WLED with a CRI of 85 and CCT of 6300K is 
obtained, which demonstrates the application of this novel 
phosphor for the NUV-based WLEDs. The ET mechanisms between 
Eu?* and Mn?* were also investigated in term of fluorescence 
decays and time-dependent luminescence. 


2. Experiment 


Samples of BLS:Eu2*, BLS:Ce**, BLS:Mn?*, BLS:Eu2*, Mn?*, BLS: 
Eu?*, Ce**, and BLS:Eu2*, Ce?*, Mn?* were prepared by high 
temperature solid-state reactions. The starting materials BaCO3 
(99.8%), SiO2 (99.9%), Lu203 (99.99%), CeO2 (99.99%), Eu203 
(99.99%), and MnCO3 (99.95%) were weighed in stoichiometric 
amounts, then mixed and grinded thoroughly in an agate mortar 
for 40 min. The mixtures were placed in an alumina crucible and 
sintered in a tube furnace at 1400°C for 3h under a reductive 
atmosphere of 95%N2 + 5%H2. 

The phases of as-prepared samples were identified by a powder 
X-ray diffraction (XRD) analysis (Bruker D8), with Cu Ke radiation 
h=1.54056A operating at 40KV, 40mA and a step size of 
20=0.02°. Photoluminescence excitation (PLE) and photolumi- 
nescence (PL) spectra at room temperature (RT) were measured by 
using the Hitachi F-4600 FL spectrometer equipped with a 150 W 
xenon lamp. The decay curves and the time-resolved PL spectra for 
Eu2* and Mn?* were recorded on the Horiba Fluorolog Spectrome- 
ter (FL3-111) with a 320nm nanoLED and a 450W xenon flash 
lamp excitation sources, respectively. The internal QE, CCT, and CRI 
from room temperature to 280°C and the temperature-dependent 
PL spectra were collected on a quantum efficiency measurement 
system (Otsuka Photal electronics QE-2100). Prototype WLEDs 
were fabricated by applying an intimate mixture by weight of the 
phosphor powder and transparent silicone resin on NUV LED chips 
(Aex = 395 nm). The CRI and CCT of the WLED were measured using 
the Ocean Optics USB4000 Spectrometer. 


x= 0.01, y = 0.25, z = 0.15 


x= 0.05, z= 0.15 


x= 0.01, y=0. 


Intensity (a.u.) 


Ba,Sc,Si,0,, PDF # 82-1119 


10 20 30 40 50 60 70 80 
20 (Degree) 


Fig.1. XRD patterns for the Eu2*, Ce?*, and Mn?* doped or codoped BLS:xEu7*,yCe>", 
zMn** samples. 


3. Results and discussion 


Fig. 1 exhibits the XRD patterns for the Eu?*, Ce**, and Mn?* 
doped or codoped BLS:xEu**, yCe?*, zMn?* samples. These samples 
all exhibit a single phase similar with the BSS (BagSc2SigA24 PDF # 
82-1119) crystal structure [39]. It is clearly that no impure phase 
was detected. There are three independent barium sites in the BLS 
host, which are coordinated by 12, 9, and 10 oxygen atoms, 
respectively, denoted as Ba(1), Ba(2), and Ba(3). The lutetium 
provides one crystallographic site coordinated with 6 oxygen 
atoms. In our previous works, we have confirmed that the Eu* 
occupies the Ba? sites while the Ce** occupies both the Ba?* and 
Lu** sites [37]. Mn* can occupy the Ba** and Lu** sites, because the 
ion radius of Mn” (0.67 A) is smaller than that of both Ba% (1.35 A) 
and Lu** (0.861 A) [40]. 

The PLE and PL spectra of BLS:5%Eu2*, BLS:10%Ce3*, and BLS:10% 
Mn” are presented in Fig. 2. As can be seen in Fig. 2(a), the PL 
spectrum (Aex=400nm) of BLS:5%Eu2* shows a strong blue 
emission peaking at 460nm and a long tail from 460 to 750nm 
originating from the df transition of Eu” at the three different Ba?* 
sites. The PLE spectrum (Agm=460 nm) of BLS:5%Eu2* exhibits a 
broad excitation band from 240 to 470 nm. In Fig. 2(b), BLS:10%Ce?* 
shows a broad green emission band peaking at 490 nm, which is 
ascribed to the df transition of Ce** at the Lu** site [37]. The PLE 
spectrum of BLS:10%Ce?* (Nem = 490 nm) shows a broad excitation 
band peaking at 400 nm. These results indicate that the excitation 
of both BLS:Eu2* and BLS:Ce?* can match well with the emitted 
light of the efficient NUV chips (390-410 nm). As Fig. 2(c) shows, 
under 411nm excitation, BLS:10%Mn?* exhibits a weak red 
emission peaking at 610nm, due to the spin-forbidden “T,(4G) 
— °A,(°S) transitions of Mn?*. The PLE spectrum monitored at 
610 nm shows several excitation bands centered at 453, 413, 375, 
and 326 nm, corresponding to the electronic transitions from the 
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Fig. 2. PLE and PL spectra of BLS:5%Eu?* (a), BLS:10%Ce?* (b) and BLS:10%Mn?* (c). 
(For interpretation of the references to color in the text, the reader is referred to the 
web version of this article.) 


5a,(°S) ground state to the excited states of *T,(4G), [4A,(4G), 
4E(4G)], 4T2(4D), and *E(4D), respectively [41]. It is noted that the PL 
spectra of both BLS:Eu?* and BLS:Ce?* overlap with the PLE 
spectrum of BLS:Mn?", implying the ETs from Eu* and/or Ce?* to 
Mn” can take place. Thus, the Mn?” red emission can be enhanced 
by codoping Eu? and/or Ce?* with Mn?* in the BLS matrix. 
Furthermore, a full-color emission could be obtained by forming 
the blue, green, and red emission centers in the BLS:Eu2*, Ce?*, Mn? 
* system. In addition, there is no obvious spectral overlap between 
Ce?* and Eu”, which means that no or little ET could happen 
between them. According to the results above, it should be 
reasonable to realize a single-composition phosphor with full- 
color emission for the NUV-based white LEDs. 

Fig. 3(a) displays the PL and PLE spectra of BLS:5%Eu?*, zMn?* 
(z=0, 0.06, 0.10, 0.15, and 0.20). It can be seen that BLS:5%Eu**, 
zMn?* exhibits blue-green and red emissions. The blue-green 
emission intensity of Eu2* decreases monotonically and the red 
emission increases with increasing Mn?* concentrations, resulting 
from the Eu?” — Mn” ETs. The red emission includes two parts, 
one is from the Eu” emission, and the other is the Mn?* emission. 
Both of them peak at 610 nm. The inset in Fig. 3(a) presents the 
normalized PLE spectra of BLS:5%Eu?*, 15%Mn2*. The PLE spectrum 
for the 610 nm emission has a very similar shape with that for the 
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Fig. 3. (a) PL and PLE spectra of BLS:5%Eu**, zMn?* (z=0-0.20) and (b) time- 
resolved PL spectra of BLS:5%Eu2"*, zMn”* (z=0-0.20) under the 400 nm excitation. 
(For interpretation of the references to color in the text, the reader is referred to the 
web version of this article.) 


510 and 610 nm emissions, suggesting the energy transfer from Eu? 
* to Mn” occurs. The lifetime of Eu?* in BLS is determined as 
0.600 us, which is much shorter than that of Mn?* (~25 ms) in BLS. 
Therefore, the Mn?* emission in BLS:Eu2*,Mn* can be separated 
from the Eu? by the time-resolved spectra [42]. As shown in 
Fig. 3(b), the red emission of Eu? (500-750 nm) in the Mn?*-free 
sample (BLS:5%Eu2*, z=0) has disappeared after a delay time of 
50 us. When Mn** is codoped into BLS:5%Eu?*,zMn*, the red 
emissions appears again and reaches a maximum intensity at 
z=0.15. The maximum of red emissions is same with the results in 
Fig. 3(a). So, the red emission is ascribed to the Mn?* and the 
intensity decreases when z exceeds 0.15 due to the Mn? 
concentration quenching effect. It is also noticed that the Mn?* 
red emission band is asymmetry but with a tail from 610 to 750 nm. 
This indicates that the Mn?* ions should occupy more than one 
cation sites. Considering that there is only one Lu** site in BLS, if 
the red emission is origin from Mn* at the Lu** site the PL spectra 
of Mn” should be symmetrical. This is not in agreement with the 
asymmetrical emission bands in Fig. 3(b). BLS has three indepen- 
dent Ba”* sites with different crystal field strength, therefore, the 
asymmetric red emission should be ascribed to the occupation of 
Mn?* at the three Ba? sites. Moreover, the 6-fold Lu?* site has a 
stronger crystal field-splitting than that of the Ba?* sites, the 
emission of Mn? should locate at the near-infrared area if Mn” 
occupies at the Lu”* sites. In the inset of Fig. 3(b), the time-resolved 
PL spectrum of BLS:5%Eu2* exhibits two narrow emission bands 
peaking at 592 and 613 nm, respectively, which are ascribed to the 
typical electronic transitions of Eu>* from °Dg to ’F, and to ’F> [43]. 
The lifetime of Eu** is about 1-10 ms, so it is reasonable to observe 
the Eu?* emissions after 50 us. However, the emission intensity of 
Eu?* is too weak compared with the red emission of Mn”, 
suggesting that there is very little Eu** in the BLS:Eu?*, Mn?* 
sample and it will not strongly influence the luminescence 
properties of Eu2* and Mn”. 

The fluorescence decay curves of Eu2* in BLS:5%Eu2*, zMn?* 
(z=0-0.20) were measured and presented in Fig. 4(a) and (b). Under 
the 320nm excitation, the decay curves of Eu?” monitored at 
450 and 500nm perform multi-exponential decay model. With 
increasing Mn?* concentrations, the Eu2* decays become faster and 
faster. The average lifetimes of Eu** decrease from 596.6 to 559.3 ns 
and from 618.4 to 557.2 ns, as shown in Fig. 4(c) and (d), respectively. 
These results strongly demonstrate the Eu2* Mn?" ETs. As known, 
the ETefficiency, 7, can be calculated by the following equation [44]: 


n=1- To 

where Tp is the intrinsic decay lifetime of Eu?* and t is the decay 
time of Eu” in the presence of Mn”. mı for the 450nm emission 
and 72 for the 500 nm emission were calculated and presented in 
Fig. 4(e) and (f), respectively. With increasing Mn** concentrations, 
both 7, and ņ2 increase and reach 6% and 10% at z=0.20, 
respectively. Obviously, the ET from the 500 nm green emission is 
more efficient than from the 450 blue emission. However, the ET 
efficiency from Eu2* to Mn?” is still too low to enhance the Mn” red 
emission strongly. Thus, it is impossible to obtain a white light just 
based on the BLS:Eu?*, Mn?* system. 

Based on the higher ET efficiency from the green emission than 
that from the blue emission, it is feasible to improve the red 
emission of Mn?” by enhancing the green emission. We have 
demonstrated this feasibility in the BLS:Ce**, Mn?* system, in 
which strong Mn” red emissions can be achieved due to the 
efficient Ce?* — Mn” ETs [36]. However, the luminescence of Ce?* 
will be affected by Eu”, because both Eu? and Ce?* can be 
effectively excited by the 400nm. Therefore, it is necessary to 
determine a suitable Eu?” concentration to ensure an efficient Ce** 
emission. Fig. 5 shows the normalized PL spectra of BLS:xEu2", 10% 
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Fig. 4. Fluorescence decay curves of Eu?* in BLS:5%Eu2*, zMn** (z=0-0.20) monitored at 450 (a) and 500 nm (b) upon 320 nm excitation. Fluorescence lifetimes of Eu?* ((c) 
and (d)) and ET efficiencies ((e) and (f)) depended on the Mn”* concentrations. (For interpretation of the references to color in the text, the reader is referred to the web version 


of this article.) 


Ce?* (x =0.01-0.20) under the 400 nm excitation. BLS:1%Eu?*, 10% 
Ce?* (x=0.01) exhibits a blue-green emission with a peak at 
473 nm, resulting from the overlap of Eu2* and Ce** emissions. 
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Fig. 5. PL spectra of BLS:xEu?*, 10%Ce?* (x = 0.01-0.20) under the 400 nm excitation. 
The inset illustrates the integrated PL intensities. (For interpretation of the 
references to color in the text, the reader is referred to the web version of this 
article.) 


The emission peak shifts from 473 to 460 nm when x exceeds 0.01. 
Both the green emissions around 500nm and the integrated PL 
intensities (the inset) decrease sharply with the increasing Eu2* 
concentrations. These indicate that the Ce?* green emission will be 
inhibited when the Eu?* concentration at a high level (x > 0.03). 
Thus, to keep efficient Ce** green emission, a suitable concentra- 
tion of Eu?* is determined as x=0.01. 

The optimum concentrations of Eu? and Mn” have been 
determined as x=0.01 and z=0.15. Accordingly, we optimize the 
Ce?* concentration to realize an ideal white light emission in the 
BLS:Eu?*, Ce?*, Mn?* phosphor. As the PL spectra (Nex = 400 nm) of 
BLS:1%Eu2* yCe?*,15%Mn* (y = 0.05-0.30) shown in Fig. 6(a), both 
the green emission around 500nm and the red emission around 
600 nm are improved when the Ce?* concentration exceeds 0.10. 
Here, Ce** plays two important roles, one is improving the green 
emission, and the other is further enhancing the Mn?* red emission 
by the Ce?*— Mn?* ETs. With the Ce?* concentration increases 
from 0.20 to 0.30, a single white light could be obtained due to the 
full color emissions. This can be evidenced by the evaluation for the 
emission spectra and the performance of the phosphor in the NUV- 
based white LEDs. 

Fig. 6(b) depicts the PLE spectra of BLS:1%Eu2*, 25%Ce?", 15% 
Mn?* monitored at 460, 490, and 610 nm. For the 460 nm, the PLE 
spectrum is similar to that of BLS:Eu*, indicating the blue 
emission is mainly from Eu?*. However, the excitation peak shifts 
from 342 to 400 nm, suggesting that the Ce** luminescence at the 
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Fig. 6. PL spectra of BLS:1%Eu?", yCe?*, 15%Mn”* (y = 0.05-0.30) under the 400 nm 
excitation (a). PLE spectra of BLS:1%Eu?*, 25%Ce?*, 15%Mn?* monitored at 460, 490, 
_ and 610 nm (b). (For interpretation of the references to color in the text, the reader is 
’ referred to the web version of this article.) 


Lu** site also contributes to the blue emission. For the 490 nm, the 
í PLE spectrum is very close to that of BLS:Ce**, indicating that the 
S green emission mainly originates from Ce**. For the 610 nm, the 
’ PLE spectrum exhibits a broad excitation band with a peak at 


“= 330nm anda peak at 400 nm, which can be considered as the PLE 


spectral overlap between BLS:Ce** and BLS:Eu*. This also suggests 
' that the Mn?* red emission is enhanced by both the Eu?” — Mn2* 
and Ce?* — Mn” ETs. 

Fig. 7 illustrates the CIE chromaticity coordinates of BLS:1%Eu*, 
yCe?*, 15%Mn** based on the PL spectra in Fig. 6(a). The coordinates 
shift from (0.284, 0.228) to (0.314, 0.375) with y increasing from 
0.05 to 0.30. It is also clear that a white color can be obtained based 
on the tunable emissions. The CCT, CRI, and internal QE for the 
samples were measured and listed in Table 1. Clearly, the CRI of the 
white light based on the BLS:Eu2*, Ce?*, Mn?* phosphor can reach 
as high as 85.3 and the internal QE can reach 61.6% for y=0.25. 
Here, the temperature-dependent luminescence for the 
BLS:1%Eu*, 25%Ce3*, 25%Mn?* were measured. As shown in 
Fig. 8, at 160°C, only 58% of the PL intensity at RT is maintained, 
which exhibits a strong thermal quenching properties. However, 
the CRI and CCT have little changes with the increasing temper- 
atures, showing good color stability. The Chromaticity Shifts (AE) 
of BLS:1%Eu**, 25%Ce**, 25%Mn?* at 373K and 498K were 
calculated according to the following equation [45]: 


r y2 me ; y2 
AE = y/(u, — ug)? + (V; = Vo)? + (W — wW) 
where u’ =4x/(3 — 2x + 12y), v' = 9y/(3 — 2x+12y), and 
w =1-—u'—v’; x and y are the chromaticity coordinates in CIE 
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Fig. 7. CIE chromaticity coordinates of the BLS:1%Eu**, yCe**, 15%Mn?* samples 
(y=0.05-0.30). 


Table 1 
CCT, CRI, and internal QE for the BLS:1%Eu?*, yCe**, 15%Mn?* (y=0.05-0.30) 
phosphors under the 400 nm excitation. 


sample CCT(K) CRI Internal QE (%) 
y=0.05 21500 63.3 53.3 
y=0.10 13450 61.5 47.4 
y=0.15 7860 78.3 50.2 
y=0.20 6610 85.3 54.8 
y=0.25 6260 84.1 61.6 
y=0.30 6210 82.2 60.4 
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Fig. 8. Temperature-dependent PL intensities of BLS:1%Eu**, 25%Ce**, 15%Mn?* 
under 400 nm excitation. The insets are the CCT (top right) and the CRI (bottom left). 


1931, uw’ and v’ are chromaticity coordinates in u’v’ uniform color 
space, O and t are the chromaticity shift at 298K and a given 
temperature, respectively. As Table 2 lists, the chromaticity shifts 
of BLS:1%Eu**, 25%Ce**, 25%Mn?* at 373K and 498K are 


Table 2 
Chromaticity shifts (AE) of BLS:1%Eu?*, 25%Ce?*, 15%Mn?* and commercial white-emitting phosphor mixture at 373K and 498K. 


Sample Nex (nm) AE 373K AE 498K 
BLS:1%Eu2*, 25%Ce?*, 15%Mn?* 400 0.0065 0.0169 
commercial white-emitting phosphor mixture”? 370 0.0179 0.0522 
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Fig. 9. Electroluminescence spectra of the WLED device fabricated using a 395 nm NUV-chip and the BLS:Eu?*, Ce**, Mn?* single phosphor. Inset is the photograph of the 


corresponding WLED. 


0.0065 and 0.0169, respectively, which is only one-third of the 
commercial white-emitting phosphor mixture at corresponding 
temperature [23]. These results indicate BLS:1%Eu?*, 25%Ce?*, 25% 
Mn” is a potential single phosphor for high-quality NUV-based 
white LEDs. 

Fig. 9 shows the electroluminescence spectra of the fabricated 
WLED combining the BLS:Eu2*, Ce?*, Mn” single phosphor with a 
395 nm-NUV chip. White light with a high CRI of 85 is obtained due 
to the full color emission of this single phosphor. The insert 
photograph of the WLED gives rise to a white light with a CCT of 
6300 K. These results demonstrate the good performance and the 
applications of the BLS:Eu2*, Ce?*, Mn?* single phosphor for the 
NUV-based WLEDs. 


4. Conclusions 


In summary, we have successfully synthesized a single phase 
BLS:Eu2*, Ce?*, Mn?* phosphor by solid-state reactions. The blue, 
green, and red emission centers were introduced into the BLS host 
by codoping Eu?*, Ce?*, and Mn?*, respectively. The Eu” — Mn?* 
ETs were demonstrated by the fluorescence decay curves of Eu2*. 
The Mn** red emission were effectively enhanced via ETs from both 
Eu?* and Ce?*. Thus a tunable full color emission was realized in 
this single phosphor. Moreover, this single phosphor exhibits an 
efficient excitation band covering from 390 to 410nm, which 
matches well with the emission light of the efficient NUV chips. 
The optimized BLS:Eu2*, Ce?*, Mn?* phosphor shows a high QE of 
~62% and a good color stability. When this single phosphor was 
combined with a 395 nm NUV-chip, an ideal white LED with a high 
CRI of 85 and a CCT of 6300K was obtained. The results 
demonstrate the promising application of the BLS:Eu?*, Ce’, 
Mn” single phosphor for the NUV-based white LEDs. 
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